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Twist Genes Regulate Runx2
and Bone Formation
Runx2, a master regulator of osteoblast differentiation,
is expressed several days before osteoblast genes in
bone anlage. In this issue of Developmental Cell, Bia-
lek et al. (2004) show that Twist-1 and Twist-2 suppress
the activity of Runx2 and thereby regulate bone for-
mation.
In 1997, a Cell cover displayed a dramatic picture of a
mouse without osteoblasts, the cells that form bone by
laying down bone matrix. The mouse was missing
Runx2; four papers in that issue showed that Runx2 (then Figure 1. Regulators of Runx2 Action
called CBFA1/PEBP2A/AML2) is essential for turning Cbf heterodimerizes with all Runx proteins and increases their
mesenchymal cells into osteoblasts (Ducy et al., 1997; activity. Smads, activated by TGF- family members, and Rb bind to
Runx2. TLE2 and other corepressors mediate gene downregulationKomori et al., 1997; Mundlos et al., 1997; Otto et al.,
caused by Runx2. Bialek et al. (2004) demonstrate that Twist-1 and1997). Heterozygous mice have a haploinsufficient phe-
Twist-2 bind to Runx2 and block its binding to DNA and subsequentnotype of inadequate growth of the bones of the skull
gene activation.
and part of the clavicle; humans also experience this
disorder, called cleidocranial dysplasia. Osteoblasts dif-
ferentiate during bone formation in two differing con- with this observation and identify Twist-1 and Twist-2
as important regulators of Runx2 activity during bonetexts. In intramembranous bone formation, typified by
the flat bones of the skull and the mid-portion of the development.
Twist-1 (previously called Twist) and Twist-2 (pre-clavicle, mesenchymal cells condense and differentiate
into osteoblasts. In contrast, all other bones form through viously called Dermo-1) encode vertebrate basic helix-
loop-helix transcription factors homologous to Drosophilaendochondral bone formation, in which mesenchymal
condensations differentiate into chondrocytes. These Twist, a mediator of dorsal-ventral patterning and meso-
derm formation. Knockout of Twist-1 in mice leads tochondrocytes differentiate into hypertrophic chondro-
cytes that control vascular invasion and conversion of lethality at E10.5 due to failure of neural tube closure
(Chen and Behringer, 1995). Twist-1 heterozygotes (bothadjacent mesenchymal cells into osteoblasts. In the ab-
sence of Runx2, osteoblasts in bones formed by either in mice and in humans) exhibit craniosynostosis, a dis-
ease caused by premature osteoblast differentiation inintramembranous or endochondral bone formation fail
to differentiate. Conversion of proliferating chondro- the skull. Twist-2/ and Twist-1/; Twist-2/ mice ex-
hibit early postnatal death because of activation of multi-cytes to hypertrophic chondrocytes is slow as well.
Runx2 activates expression of several genes expressed ple cytokine pathways (Sosic et al., 2003). Twist-1 and
Twist-2 each can bind the RelA subunit of NF-B andby mature osteoblasts and chondrocytes. Subsequent
work showed that Runx2 is also important for the contin- block its transactivation activity.
Bialek et al. show that Runx2-induced osteoblast geneuing activity of osteoblasts in adults (Ducy et al., 1999).
Not surprisingly, the regulation of this key regulator of expression only occurs when expression of Twist genes
disappears in osteoblast precursors. They demonstratebone formation is a major focus of research activity.
Runx2 is one of three vertebrate transcription factors the functional importance of Twist in this setting by
showing that Twist-1 heterozygosity reverses skullthat share a DNA binding motif with Runt, encoded by
a Drosophila pair-rule gene (Ducy, 2000). These proteins abnormalities in Runx2/ mice and that Twist-2/ re-
verses clavicular abnormalities in Runx2/ mice andheterodimerize with core binding factor (CBF), a non-
DNA binding coactivator, that increases the activity of accelerates osteoblast differentiation in bones formed
through endochondral bone formation. They show athe Runx proteins. Runx2 can interact with other tran-
scription factors, such as the Smads activated by the novel interaction between a carboxy-terminal region of
Twist (Twist box) and the Runt domain of Runx2; thisbone morphogenetic protein family (Ito and Miyazono,
2003), with Rb, and with other regulators of signaling interaction prevents DNA binding and gene activation
by Runx2. Strikingly, they then identify a point mutationsuch as the MAP kinases and corepressors (Figure 1).
Though Runx2 is essential for osteoblast differentiation, in the Twist box of Twist-1 that leads to accelerated
bone formation in heterozygous and homozygous mice.this differentiation program also requires other genes,
such as osterix, which encodes a transcription factor They conclude that Twist-1 and Twist-2 regulate the
developmental action of Runx2 in bone formation throughgenetically “downstream” of Runx2 (Karsenty and Wagner,
2002). Thus, multiple genes regulate Runx2 activity and the direct interaction of these proteins.
These findings raise further questions about the Twist-the effectiveness of Runx2 in stimulating osteoblast for-
mation. It is perhaps not surprising, then, that Runx2 Runx2 interaction. For example, if the Twist proteins
bind to the Runt domains of Runx1 and Runx3, Twistexpression in osteoblast precursors predates by several
days the first evidence for osteoblast activity. In this genes might regulate the actions of these other Runx
family members, which are important for hematopoiesisissue of Developmental Cell, Bialek et al. (2004) start
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that bract suppression is governed by a general mecha-Cryptic Bracts Exposed:
nism that appears to regulate patterns of cell divisionInsights into the Regulation in all leaves and leaf homologs (including floral organs).
Thus, the same mechanism causing bract repressionof Leaf Expansion
may explain why the expanded leaves produced at dif-
ferent stages of Arabidopsis development vary in size
and shape (Poethig, 2003) and why different plants have
different leaf forms.Arabidopsis is unusual in producing flowers that are
The two teams converged on the discovery of JAG-not subtended by specialized leaves, called floral
GED (JAG) from opposite directions. Dinneny et al.bracts. Writing in Development, Dinneny et al. and
(2004) started from a gain-of-function allele, discoveredOhno et al. show that gain-of-function mutations of
by activation tagging, which causes the production ofthe JAGGED transcription factor produce bracts, and
floral bracts, ectopic blades on the petiole, and leaf-likeprovide evidence that this gene plays a key role in a
structures elsewhere on the stem. Ohno et al. (2004)developmental program that regulates the size and
started by studying two loss-of-function alleles that pro-shape of all leaves and leaf-homologs.
duced toothed (jagged) leaves and altered floral mor-
phology, including loss of the distal segment of the pet-
In almost all flowering plants, flowers emerging from als. Then, Dinneny et al. (2004) studied loss-of-function
axillary meristem are associated with a subtending leaf, T-DNA insertion alleles and Ohno et al. (2004) used a
a floral bract, which is often rather reduced and scale- 35S::JAG construct to study the gain-of-function pheno-
like. However, a few plants, including Arabidopsis and types, resulting in complementary replication of the orig-
most of its relatives in the Brassicaceae, produce most inal observations. Both groups characterized gene ex-
or all of their flowers directly from a naked stem, without pression and conducted analyses of interactions with
visible bracts. Nonetheless, the lack of an expanded other genes, resulting in a remarkably clear picture of
bract does not mean that bracts are lacking, they could the developmental role of JAG.
simply be arrested very early in their development. In- Dinneny et al. (2004) and Ohno et al. (2004) infer, based
deed, gene expression studies in both Arabidopsis and on its sequence, that JAG is a DNA binding transcrip-
maize, which also lacks bracts, have shown downregu- tional repressor. In situ hybridization shows that JAG is
lation of shoot meristem identity genes in a well-defined normally expressed in leaves, starting in a broad pattern,
population of cells just below each flower (Long and but becoming concentrated in the distal portion of vege-
Barton, 2000; McSteen and Hake, 2001). To further indi- tative leaves. The proximal JAG-free region approxi-
cate that these cells constitute “cryptic bracts,” they mately corresponds to the petiole, a part of the leaf that
were found to express leaf-specific genes such as AIN- shows full establishment of abaxial-adaxial polarity but
TEGUMENTA (Long and Barton, 2000). does not form an expanded leaf blade. By analogy to a
One might ask, why should these miniscule bracts be cryptic bract, a petiole can be thought of as a region of
of general significance to plant developmental biology? the leaf with a cryptic blade. It is, therefore, noteworthy
that the cryptic bracts and the petiolar portion of theDinneny et al. (2004) and Ohno et al. (2004) now show
